In recent years increased attention has been directed to the general area of plant reproductive biology and in particular to the mechanism and significance of incompatibility in the origin and subsequent evolution of flowering plants. To date almost all research in this area has focused on extant plants in an attempt to characterize evolutionary relationships among the diverse angiosperm reproductive systems. Despite an extensive body of neontological data on plant reproductive biology, there has been little attempt to use these data to interpret the fossil record.
The origin of intraspecific self-incompatibility (SI) is regarded as a significant event in the evolution of flowering plants (Whitehouse 1950) . There are no documented cases of SI in gymnosperms. Extant plants with sporophytic selfincompatibility (SSI) have pollen with reticulate exine sculpturing (Zavada 1984a) . In this system the reticulum is believed to form a repository for tapetal substances that operate in the SI system (Heslop-Harrison et al. 1973; Dickinson and Lewis 1975; Heslop-Harrison 1975) . On the basis of the sculptural pattern of pollen, it has been suggested that many of the early Cretaceous angiosperms possessed SSI (Zavada 1984a) . Gametophytic self-incompatibility (GSI) depends primarily on interaction between the pollen tube and style; current fossil evidence suggests that the style did not evolve until the upper Lower Cretaceous or lower Upper Cretaceous (Dilcher 1979; Krassilov 1982) , postdating the occurrence of many pollen types indicative of the SSI system. This is troubling because SSI is generally considered derived from GSI, which the present fossil evidence does not suggest.
Self-incompatibility has traditionally been viewed as a mechanism to promote outbreeding (deNettencourt 1977) ; however, outbreeding can be accomplished in gymnosperms and angiosperms in other ways (e.g., protandry). In addition, recent data suggest that dioecy can be a more efficient mechanism for achieving outbreeding than SI (Anderson and Stebbins 1984) . It has also recently been hypothesized that SI is a mechanism by which the female can assess male quality before fertilization (Willson and Burley 1983) . This implies that SI permits accep-many gymnosperm pollen grains are thought to aid in dispersal, serve as a structure to accommodate volumetric changes resulting from water relations of the pollen grain (harmomegathy; Chaloner 1976), or orient the grain with the germinal aperture toward the nucellus (Doyle 1945; however, see McWilliam 1958) . The sacci, however, appreciably increase the size of a pollen grain (by 50% in most taxa; Zavada, unpubl. data) without increasing the male investment, because the cytoplasm is confined to the corpus of the grain. Perhaps the most significant function of the sacci in this morphological grain type is to physically exclude contemporary males from the limited nucellar space. Thus, polyspermy and saccate pollen may be mechanisms by which a single male can reduce competition with other males and thus increase its chances of acceptance by the female.
Mate choice in gymnosperms (in the sense of Willson and Burley 1983) has two components: postzygotic assessment of the male by the female and the rejection of unfit zygotes by abortion. The timing of assessment in gymnosperms permits a number of male mechanisms to reduce competition among males, ultimately reducing the array of genetically heterogeneous males from which the female chooses and thus influencing the effectiveness of polyembryony as an assessment mechanism. Abortion may also include the reallocation of retrievable resources that were initially invested in zygotes destined for abortion (as in some angiosperms; Wiemken-Gehrig et al. 1974; Gilissen 1976; Goldschmidt 1980) .
In angiosperms SI can be separated into two components: recognition (assessment and choice as defined in Willson and Burley 1983) and inhibition (rejection). Two types of SI systems vary with the site of recognition and inhibition. Recognition and inhibition in the gametophytic type occur in the style, except in a few cases when they occur on the stigma (e.g., Oenothera, some grasses). In the sporophytic type, recognition and inhibition generally occur on the stigma. In both instances recognition and inhibition of the pollen tube are prezygotic and occur either on the stigma or in the style.
On the basis of neontological data it is believed that GSI is phylogenetically primitive, whereas SSI is derived (Whitehouse 1950; Brewbaker 1957 Brewbaker , 1959 Pandy 1958 Pandy , 1960 Pandy , 1980 Crowe 1964) . The early occurrence of SSI proposed on the basis of fossil data (Zavada 1984a) , however, suggests alternative interpretations of the phylogenetic relationships of GSI and SSI. One of these interpretations states that GSI was present before the proposed Lower Cretaceous origin of SSL Several pollen types that appeared before and at the same time as the first angiosperm pollen indicative of SSI plants are similar to pollen from plants with GSI (however, many gymnosperms and angiosperms without SI also have this pollen type; Zavada 1984a). In addition, some GSI plants possess stigmatic recognition. If stigmatic recognition occurred in the earliest GSI plants, the discrepancy between the time of origin of the style and the earlier origin of SSI can be resolved on the basis of existing data (i.e., the gametophytic type is primitive and the sporophytic type is derived). Another explanation is that SSI is primitive and GSI is derived. It is interesting that the morphology of the earliest known angiosperm pollen and the subsequent appearance of the style support this suggestion. Finally, the possibility cannot be ruled out that some other SI system with characteristics of the SSI system gave rise to GSI and SSI (e.g., Theobroma; Knight and Rogers 1953, 1955) .
Theobroma cacao L. (Sterculiaceae) has an unusual type of incompatibility that may bear on the last possibility suggested above. After pollination in Theobroma, the pollen tube emerges from the hollow style and grows into the embryo sac. The pollen tube will grow at the same rate in an incompatible or a compatible combination. When the pollen tube contacts the ovules, an incompatible reaction results in non-fusion of the gametophytic nuclei. A compatible combination is followed by fusion of the nuclei (Posnette 1940; Cope 1962a,b) . Regardless of the number of compatible pollen tubes in a single flower, a single incompatible combination results in flower abortion (Knight and Rogers 1955; Cope 1962a,b) . It has been suggested that in Theobroma, flower abscission is initiated after the pollen tube and ovules have come into contact (Cope 1962a ,b)-However, assessment (recognition) can take place in two localities in this situation, the stigma or pollen tubeovule interface. The morphology of Theobroma pollen is consistent with the morphology of pollen from plants with SSI (Zavada 1984a) , which generally have stigmatic recognition. This raises the possibility that recognition in Theobroma is a stigmatic phenomenon and that floral abscission is initiated by events on the stigma (entirely under sporophytic control as suggested in Knight and Rogers 1955; Glendinning 1960 Glendinning , 1967 Arevalo et al. 1972; Jacob and Atanda 1975; Frankel and Galun 1977, p. 184; Terreros et al. 1982) . The events that subsequently occur between the ovule and pollen tube, although reflecting genetic aspects of the gametes, may be incidental to the recognition (stigmatic)-rejection (abortion of the flower) reaction. In addition, the stigma and style are known to be sensory organs for the flower, and the initiation of abscission and of fruit development are controlled by events that occur in these organs (Linskens 1974; Wiemken-Gehrig et al. 1974; Gilissen 1976; Goldschmidt 1980; Reid et al. 1984) . Thus, Theobroma might be an example of an SI system in which recognition (assessment) is stigmatic (prezygotic) and inhibition (rejection) results in abortion of the flower. If the Theobroma type of SI is considered primitive (Knight and Rogers 1953, 1955) , an evolutionary refinement of this system would be pollen-tube inhibition (found in most GSI and SSI plants). The evolutionary development of pollen-tube inhibition has energetic advantages over the Theobroma type; entire flowers need not be sacrificed because of an incompatible pollination.
It is also interesting to note that the reproductive biology of the primitive taxa Pseudowintera (Godley and Smith 1981) , Illicium (Thien et al. 1983) , and strobaileya (Prakash and Alexander 1984; Zavada, unpubl. data ) is similar to that postulated for Theobroma. All these taxa lack styles, possess pollen morphology similar to plants with SSI, and commonly abort flowers.
MATE CHOICE: FOSSIL GYMNOSPERMS AND ANGIOSPERMS
The ovule-bearing reproductive organs of the early Mesozoic gymnosperm and the early Cretaceous angiosperm have a number of features in common. Many of the early Mesozoic gymnosperms (pteridosperms) consist of ovule-bearing parts that are morphologically spikes or racemes. The individual ovule-bearing parts are 542 THE AMERICAN NATURALIST cupulate structures (e.g., fig. 1A ) containing one to five ovules per cupule (table  1) . The number of these compact structures that are borne on a particular plant is unknown and may well be irrelevant. The earliest known angiosperm inflorescences are likewise compact structures containing 25 to 2500 or more carpellate units (each carpellate unit is analogous to the cupulate structure of the gymnosperms mentioned above), each with fewer than 10 ovules. In both of these groups the ovule-producing units are of one sex and are generally lacking accessory floral parts ( fig. 1, table 1) .
Regardless of the precise group that gave rise to the angiosperms and the homology that may exist with reference to the ovule-bearing organs, the similarity between early angiosperm reproductive structures and Mesozoic gymnosperms (pteridosperms) suggests that similar selective pressures influenced their morphology (although this similarity may reflect a common ancestry). The morphological shift from the Mesozoic pteridosperm structure to the earliest angiosperm type required the enclosure of the ovules. Both groups possess a similar type of inflorescence, a similar arrangement of ovule-bearing units, and a general lack of accessory structures ( fig. 1, table 1 ).
The shift from postzygotic to prezygotic mate assessment (SI) in the female (i.e., gymnospermous to angiospermous condition) necessitates the concomitant evolutionary development of sterile sporophytic tissue between the ovules and the male gametes (i.e., stigma and carpel). In fact, Whitehouse (1950) suggested that the evolutionary development of the stigma, style, and carpel may be more a response to the evolutionary development of SI in angiosperms than a means of protecting the ovules. Phytophagy has been invoked as the selective pressure thai brought about the closed carpel (e.g., Stewart 1983 , and references therein). However, phytophagous insects with chewing or sucking mouthparts are known from the Carboniferous, and almost all the major phytophagous groups were present by the Triassic (Rohdendorf and Raznitsin 1980; Strong et al. 1984) . If protection is the major selective impetus for the closed carpel, it would follow that the origin of the carpel is more closely correlated with the time of appearance of major phytophagous-insect groups. We can find no data that support a correlation between the first appearance of major phytophagous-insect groups and the origin of the carpel. It is our contention that the evolutionary development of prezygotic mate assessment (SI) was accompanied by the interpolation of sterile tissue (i.e., functional stigmatic surface) between the ovules and the male gametes (the plesiomorphic condition as determined by neontological and fossil data; Bailey and Swamy 1951; Dilcher 1979; Dilcher and Crane 1984) .
Investigators have proposed that GSI is primitive in angiosperms and that SSI is derived. However, neontological and fossil data relevant to the evolutionary relationships of carpel characteristics make GSI an unlikely candidate for the primitive type (Bailey and Swamy 1951) . The morphology of the earliest angicih sperm pollen, which predates the first occurrence of the style in the fossil record, conforms to the pollen morphology found in plants with SSI (stigmatic recognition and inhibition). In addition, neontological data suggest that the style is a derived feature in angiosperms. The plesiomorphic condition is considered a conduplicaie carpel with an ill-defined stigmatic area and no style (Bailey and Swamy 1951) . NOTE.-Nearly all of the fossil taxa lack a perianth, have only one sex, and possess compact inflorescences with numerous ovule-bearing structures, each with few ovules. The closed carpel is the major difference separating fossil pteridosperms and extant gymnosperms from early fossil angiosperms. However, extant angiosperms with gametophytic self-incompatibility (GSI) and sporophytic self-incompatibility (SSI) differ from these in the consistent presence of a perianth, bisexuality, and a low number of carpels. All plants are considered bisexual (monoecious except Archaeanthus, which may be bisexual).
* Male reproductive structures occur on separate branches in a whorl below the female structures, may be functionally bisexual, t No accessory floral structures are found attached, but abscission scars below the carpels may have been stamens and/or a perianth.
This morphology conforms with the carpel morphology in most of the earliest known female angiosperm inflorescences ( fig. 1; Dilcher 1979; Crane and Dilcher 1984; Dilcher and Crane 1984) , and it is not appreciably different from the morphology of the female structures in the geologically earlier gymnosperms (Taylor and Archangelsky 1985) . In early angiosperms, recognition of compatible pollen could have occurred, either on the stigma or during interaction of the pollen tube and the ovule. The morphology of the earliest angiosperm pollen strongly suggests stigmatic recognition (Zavada 1984a) . This is analogous to the situation described earlier for Theobroma.
If the analogy between the Theobroma type of SI and the SI system proposed for early angiosperms is carried one step further, abortion may have been the inhibition (rejection) reaction (although pollen-tube inhibition cannot be ruled out). However, one important difference between extant angiosperms and the earliest fossil angiosperm inflorescences known to date may be the unit aborted following an incompatible combination. Extant angiosperms are polycarpellate with few to many stamens and a well-developed perianth. The earliest known angiosperms possess many carpels, are of one sex, and usually lack a perianth. In extant angiosperms the entire flower is aborted (e.g., in Theobroma, Cope 1962a,b; Austrobaileya, Prakash and Alexander 1984; Pseudowintera, Godley and Smith 1981) . Early fossil angiosperm inflorescences comprised numerous carpels (25 to greater than 2500). It is difficult to imagine that the entire polycarpellate structure was aborted. Fossil inflorescences of this type are found where individual carpels have abscised (Kovach and Dilcher 1983; Kovach, pers. comm.) . It might be that an incompatible combination resulted in the abortion of single carpels.
The abortion of the entire flower in extant angiosperms and the possibility of abortion of individual carpels in fossil angiosperms raise some interesting questions regarding the homologies of the fossil polycarpellate inflorescences and the flowers of some extant angiosperms (e.g., Theobroma, Austrobaileya). Although speculation about the homologies that may exist between fossil and extant angiosperm inflorescences is beyond the scope of this paper, we assume that many extant angiosperms may have plesiomorphic features (e.g., the SI system in Theobroma) that provide insight into interpreting the fossil record. Nonetheless, extant angiosperms exhibit a number of synapomorphies (not shared by their fossil ancestors) that are a result of millions of years of evolution.
The development of SI permits prezygotic mate assessment and eliminates male mechanisms that affect mate choice (i.e., mechanisms that reduce male competition, including polyspermy). Polyspermy does not occur in angiosperms and was probably lost in the gymnosperm-angiosperm transition. Moreover, the investment in resources necessary to develop zygotes (that will ultimately be aborted) for mate assessment in gymnosperms is not necessary in angiosperms because of the timing of assessment (i.e., prezygotic). The partitioning of one to a few ovules per carpel and of numerous carpels in a large compact inflorescence (the common situation observed in the earliest angiosperms) have certain advantages. This morphology increases stigmatic surface area, thus increasing the opportunity for a successful pollination. This is especially true in the absence of faithful pollinators 546 THE AMERICAN NATURALIST (e.g., bees, which are not known in the fossil record until the Paleocene; Raznitsin 1980) and accessory floral parts (petals) that influence insect behavior (table 1; early Cretaceous angiosperms generally lacked accessory floral parts). The increased stigmatic area also eliminates the effectiveness of sacci for reducing male competition. Virtually no extant angiosperm pollen grains are known to have sacci like those in gymnosperms. (However, pollen of the extant primitive angiosperm Lactoris has small sacci ; Carlquist 1964; Zavada and Taylor 1986 . Although they form in a manner similar to the sacci in gymnosperms, they do not appreciably increase the size of the pollen. It is interesting to note that the saccate Lactoris pollen is shed in tetrads.) Sacci were probably lost in the gymnospermangiosperm transition (Zavada 19846; Zavada and Crepet 1986 ). In the context of the morphology of the earliest angiosperm reproductive structures, the rejection reaction may have been the abortion of the individual carpels that received incompatible pollen. The partitioning of a few ovules in small carpels reduces the overall energy cost of an aborted carpel. In addition, a percentage of the resources invested in an aborted carpel may be recovered before abscission (Gilissen 1976; Goldschmidt 1980) . Most importantly, the change in the time of assessment in angiosperms disallows a number of male mechanisms that reduce competition between males in gymnosperms.
The negative effect that the change in the timing of assessment in angiosperms has on mechanisms effective for reducing gametophytic competition in gymnosperms places strong selective pressure on the male to develop alternative mechanisms in order to improve its chances of acceptance by the female in angiosperms. The evolutionary development of accessory floral parts in angiosperms and their morphological modification to influence insect behavior for the effective transfer of pollen to a receptive female (i.e., a female that recognizes the pollen as compatible) may be viewed as a male mechanism that affects mate choice. For example, the transfer of pollen en masse from a single male to a receptive female and the development of multiple pollen units (i.e., polyads; permanent tetrads, pollinia) may be analogous to polyspermy in gymnosperms and may have a similar effect on female assessment (Charnov 1979; Willson 1979; Willson and Burley 1983) . In addition, resource investment in accessory reproductive structures (petals) may be attributed to the male. If male reproductive success is limited by the number of females (with a diminishing fitness-gain curve) and female reproductive success is limited by resources (with a linear fitness gain) in a bisexual plant (as assumed here), only the male may shunt resources into the development of accessory floral parts (cf. Charnov 1979 Charnov , 1982 Willson and Burley 1983) . The morphological and phylogenetic relationship between stamens and petals has long been known (Canright 1952) . Thus, the evolutionary development of accessory floral parts and their importance to insect pollination are expected to postdate the appearance of SI in the fossil record. The first occurrence of petaloid angiosperm flowers postdates the first occurrence of pollen with features indicative of SSI by five to ten million years or more.
Self-incompatibility also permits close association of male and female reproductive structures (bisexuality) without reducing the array of males in the population from which the female can choose. This situation, along with accessory floral parts for insect pollination, promotes both the dispersal of pollen to a compatible female and the reception of compatible pollen by the female, especially in the presence of constant pollinators (e.g., certain groups of flies, Zavada and Dilcher, MS; bees, Crepet 1983, 1984, and references therein) .
A further refinement of the SI system proposed here for early angiosperms is the development of pollen-tube inhibition (as in extant plants with GSI or SSI). Pollen-tube inhibition permits the operation of the SI system (prezygotic mate assessment) without abortion of reproductive structures as a result of an incompatible combination. This reduces the energy investment in the development and maintenance of numerous individual carpels with few ovules, including the percentage of these structures that would ultimately be aborted as the result of an incompatible combination. There might be expected a reduction in the number of carpels, the fusion of carpels, and an increase in the number of ovules per carpel, which are all concomitant with development of pollen-tube inhibition. This is the morphological situation observed in many extant plants with GSI and SSI (table 1).
SUMMARY
Self-incompatibility is viewed as a mechanism by which the female can evaluate the quality of the male gametophyte. This does not preclude its function as an outbreeding mechanism, but rather expands its role as a means to mediate the quality of the offspring by the female. The early angiosperm self-incompatibility system is envisioned as consisting of stigmatic recognition, with an incompatible combination resulting in carpel abortion.
The morphological transition from the gymnospermous to the angiospermous condition (i.e., the placement of sterile sporophytic tissue between ovules and pollen) occurred concomitantly with a change in the timing of mate assessment (postzygotic to prezygotic). The selective impetus for the evolutionary development of the closed carpel is hypothesized to be the origin of self-incompatibility rather than solely a means of protection. This shift in timing prevents mechanisms that were effective for reducing male competition in gymnosperms and intensifies male competition in angiosperms (Mulcahy 1979 (Mulcahy , 1981 . Thus, strong selective pressure was exerted on the male to develop alternative mechanisms for increasing its chances of acceptance by the female in angiosperms. The evolutionary development of accessory floral parts and the morphological modification of these parts to influence insect behavior might be viewed as male mechanisms to better ensure more-efficient transfer of pollen to a receptive female, thus improving its chances of acceptance by the female (cf. Willson and Burley 1983) . The evolution of various insect-pollination syndromes, especially those involving faithful pollinators, is considered one of the most important events to have influenced the morphological diversity subsequently observed in angiosperms in the Cretaceous (Crepet 1979 (Crepet , 1983 (Crepet , 1984 Mulcahy 1979) .
